The authors evaluated the role of selection bias in the 1999 Canadian case-control study of residential magnetic field exposure and childhood leukemia. They included cases, participating controls, and first-choice nonparticipating controls in their analyses. Exposure was assessed by wire coding, a classification system based on the distribution line characteristics near homes. Although an imperfect measure of magnetic field exposure, wire coding is the only method applicable to nonparticipating subjects. First-choice nonparticipant controls tended to be of lower socioeconomic status than their replacements (non-first-choice participant controls), and lower socioeconomic status was related to higher wire code categories. The odds ratios for developing childhood leukemia in the highest exposure category were 1.6 (95% confidence interval: 1.0, 2.6) when the actual participating controls were used and 1.3 (95% confidence interval: 0.8, 2.1) when the first-choice ideal controls were used, regardless of their participation. Overall, the authors conclude that, although there is some evidence for control selection or participation bias in the Canadian study, it is unlikely to explain entirely the observed association between magnetic field exposure and childhood leukemia. Inherent problems in exposure assessment for nonparticipating subjects, however, limit the interpretations of these results, and the role of selection bias cannot entirely be dismissed on the basis of these results alone.
On the basis of an epidemiologic association observed in childhood leukemia case-control studies, power-frequency magnetic field exposure has been classified as a possible human carcinogen (group 2B) by the International Agency for Research on Cancer (1). This classification was heavily influenced by the results of two pooled analyses showing an approximately twofold increase in childhood leukemia risk at exposure levels above 0.3-0.4 lT (2, 3). Because neither conclusive laboratory evidence nor a known biophysical mechanism is available to explain a causal relation between magnetic field exposure and childhood leukemia, control selection bias in case-control studies is considered to be a possible noncausal explanation for the observed epidemiologic association (4) . Although some evidence in support of the selection bias hypothesis exists, it is far from conclusive. The main difficulty in assessing selection bias in previously conducted case-control epidemiologic studies of magnetic field exposure and childhood leukemia is that no information, especially no exposure information, is available on the potential control subjects, who could not be identified or contacted or who had declined to participate in the study. Hatch et al. (5) , in a reanalysis of the 1997 National Cancer Institute study (6) , were able to compare results with and without including partial participant controls in the analysis. Partial participant controls were study subjects for whom exposure was assessed by way of magnetic field measurements at the front door or by wire coding, but for whom no indoor measurements were available. Hatch et al. found that inclusion of partial participant controls in the analyses attenuated the association between childhood leukemia and measures of magnetic field exposures (measurements at the front door and wire codes). However, no information was available on nonparticipant controls, and the full effect of selection bias could not be assessed.
Among the studies included in the pooled analyses (2, 3) , only in the study by McBride et al. (7) could the authors identify nonparticipant controls by virtue of selecting controls from provincial health insurance rolls. Although the original Canadian study was interpreted as providing no evidence of an association between magnetic field exposure measures and childhood leukemia, the Canadian datawhen combined with other studies and included in the pooled analyses with uniform cutpoints and methods-also contributed to the observed association.
Taking advantage of available information on nonparticipant controls, we attempted to evaluate the effect of potential selection bias on the observed effect estimates in the Canadian study (7) . Although wire codes are a far-from-perfect measure of magnetic field exposure, we used wire coding to estimate exposure because this method could be applied to any known address and required no subject participation or property access.
MATERIALS AND METHODS
The current analyses examined data from the 1999 study by McBride et al. (7) . Details of subject recruitment, control selection, and data collection are described in the original publication. Briefly, the study was a case-control study of incident childhood leukemia cases diagnosed between 1990 and 1995 in five Canadian provinces. Controls were randomly selected from the provincial health insurance rolls and matched on age, sex, and province of residence. In Canada, the province-sponsored insurance plans cover an estimated 95 percent of the population (8) . If the first selected control for a given case could not be identified or declined to participate, then a second control was selected. If the second-choice control did not participate, then a third control was selected. The process was repeated until a matched control could be selected for each case. Overall, 399 participating cases and 399 participating controls were included in the 1999 analysis. The overall participation rates were 89 percent and 59 percent for cases and controls, respectively. In Alberta, it could not be determined from the records whether a selected control was first choice or later choice; therefore, 59 participating case-control pairs and eight nonparticipating controls from that province were excluded from our current analyses. From the remaining four provinces, 340 cases, 187 first-choice participating controls, 153 non-first-choice participating controls, and 153 firstchoice nonparticipating controls, a total of 833 subjects, were included in the current analysis ( (10) , and the team collecting the data was blinded to the case/participant control/nonparticipant control status of the residences. The Wertheimer-Leeper wire code classification system has five categories (underground and very low, ordinary low, ordinary high, and very high current configurations) from lowest to highest. The Kaune-Savitz wire code classification system has three categories (low, medium, and high). As in the original 1999 study, where the residence was part of an apartment block that was greater than five stories above ground level or four suites per floor, the residence was classified in the ''APT'' category, and no wire coding was assigned as both wire coding and perimeter magnetic field measurements (in the 1999 study only) were not considered to reflect accurately the magnetic field environment of the residence itself.
In the original 1999 study, wire coding was attempted for residences of the mother from 1 year before the birth of the subject to the time of birth and for residences of the child from birth to the diagnosis or reference date. For those residences for which consent could be obtained, the team was able to enter the subject's property. The distance measurements required for the wire coding (usually for measuring distance of the power line from the side of the house) were completed by use of a distance-measuring wheel.
In the new study, wire coding was carried out without entering the subjects' property, for the addresses at the time of diagnosis for the cases or at the corresponding time for controls. Either a distance-measuring wheel or a handheld laser distance meter (Disto Classic 5a; Leica Geosystems AG, Heerbrugg, Sankt Gallen, Switzerland), with a range of 0.2-200 m and typical accuracy of AE1.5 mm, was used to determine the separation distance between the power line and the residence. The distance meter has an integrated telescopic viewer that allows the measurement target to be pinpointed accurately. Where the power line was at the back of the house and it was impossible to see whether there was any protrusion at the back of the house that might decrease the separation distance between the house and the power line, the rear corner of the house as viewed from the front of the house was used as the reference point for distance measurement. This limited access to the rear of the property could result in an error in the distance measurement and misclassification of the first and other span secondary in the wire codes.
In our analyses, the main comparison was between the first-choice nonparticipant controls and the non-first-choice participant controls selected for the same individual cases. In the original study, the latter group was used as a replacement for the former group, and any difference in exposure distribution between these groups may directly affect the exposure effect estimates. Effect estimates (odds ratios) were calculated by both the ''ideal'' control group (all first-choice controls regardless of whether they were participants or not) and the ''actual'' control group (all participating controls regardless of whether they were first-or laterchoice controls); results were then compared.
Comparisons were made between wire coding for the subjects with wire codes measured in both the original and current studies. Comparisons were also made for wire code categories, income, and urban/rural status between first-choice nonparticipant and non-first-choice participant controls. (Rural status was assigned to municipalities with a population size of less than 100,000.) Odds ratios and 95 percent confidence intervals were estimated by matched-pair conditional logistic regression. Associations between wire code category and income were assessed by use of linear regression.
Estimates for the risk of childhood leukemia for each of the wire code metrics were also computed. To be comparable with the original study and the pooled analyses, odds ratios and 95 percent confidence intervals were computed by unconditional logistic regression with adjustment for age, sex, and province of residence. Results were similar when we used matched-pair conditional logistic regression (not reported). Tests for trend were computed by entering consecutive integers for the wire code categories.
RESULTS
In the original 1999 study, the homes of 630 subjects (participants only) in the four included provinces were wire coded. For the current analyses, wire coding was completed for the homes of 814 subjects. Of these subjects, the homes of 626 subjects were wire coded both times. The overall agreement between the old and new wire-coding results was generally good (table 2) . For 122 subjects, the two assessments resulted in different wire code categories, with a tendency for higher categories according to the more recent assessment (p trend < 0.001) (table 2). The reasons for the discrepancies in wire coding between the two assessments were misclassification due to limited access (42 subjects), change in wiring (33 subjects), inaccuracies in wire size estimation (23 subjects), new constructions (12 cases), inaccuracies in distance measurement (10 subjects), and error in the original classification (two subjects).
Of the 153 first-choice nonparticipant-non-first-choice participant control pairs, we had wire code information for both subjects in 143 pairs. Socioeconomic status, as measured by the income per person equivalent (IPPE) of the residence area, was clearly related to wire code categories; higher wire code categories were associated with lower IPPE (table 4) . Socioeconomic status, as measured by IPPE, was also significantly higher among non-first-choice participant controls than among first-choice nonparticipant controls (table 5). In the rural areas, we observed substantially less apartments and homes with underground wire code categories (table 4), while urban subjects were somewhat less likely to participate (table  5) . Adjustment for IPPE or urban/rural status, however, did not substantially change the observed relation between participation status and wire code categories when we compared first-choice nonparticipant and non-first-choice participant controls (table 6) . In table 7, we present the main results of our analyses. Using the original Wertheimer-Leeper wire code classification from 1999, we found that case-control comparisons (with actual controls) resulted in odds ratios of 0.8 (95 percent CI: 0.6, 1.11) and 1.7 (95 percent CI: 1.0, 3.0) for ordinary high and very high current configuration categories, respectively, when the combined group of underground and very low and ordinary low current configurations was used as the reference category. A similar analysis, which used the original classification but excluded the Albertan subjects (for whom wire coding was not repeated in the new study), resulted in similar but somewhat lower odds ratios. Repeating the same analysis with actual controls but using the new wire code classification from 2006, we observed odds ratios of 1.1 (95 percent CI: 0.7, 1.5) and 1.6 (95 percent CI: 1.0, 2.6) for ordinary high and very high current configurations, respectively. Using the ideal control group instead of the actual control group resulted in no change in the odds ratio of the ordinary high current configuration (OR ¼ 1.1, 95 percent CI: 0.7, 1.5) but a slight attenuation of the odd ratio for the very high current configuration (OR ¼ 1.3, 95 percent CI: 0.8, 2.1). For the Kaune-Savitz classification, we observed a similar pattern, although the risk increases in the high exposure category were smaller. For the Wertheimer-Leeper wire code classification, when all five categories were kept separate and the underground category was used as the reference category, we observed no clearly identifiable trend.
DISCUSSION
Our results showed that first-choice nonparticipant controls tended to be of lower socioeconomic status than their 
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replacements (non-first-choice participant controls) and that lower socioeconomic status was also related to higher wire code categories, clearly indicating differential participation of controls. Similar tendencies in participation by socioeconomic status and an inverse relation between socioeconomic status and magnetic field exposure have been reported previously (4) . Although the nature of the relation between various measures of socioeconomic status and childhood leukemia is far from settled (11), it is unlikely that this relation is a major source of confounding or that it significantly contributes to the development of selection bias. The overall distribution of wire code categories in our study, however, was not significantly different between the firstchoice nonparticipant and the non-first-choice participant control groups. Nevertheless, we observed some excess of very high current configuration (19 vs. 12 from a total of 143) among the first-choice nonparticipant controls compared with their replacements (non-first-choice participant controls).
Because of a lower prevalence of the very high current configuration among replacement controls, some attenuation of the effect estimate was observed when we used the ideal control group instead of the actual control group in a case-control analysis. This attenuation, however, was observed only when the lower three categories were used as a combined reference group. We did not observe an attenuation of effect estimates when the underground category alone was used as the reference group.
Our results, overall, are suggestive of a small upward bias in the highest exposure category. This bias, however, is unlikely to explain entirely the observed association. Our results, taken together with the results of the two pooled analyses, which showed no systematic differences between the results of the measured field studies (where selection bias is possible) and the Nordic studies (where selection bias is not likely) (2, 3), weaken the argument that selection bias alone is responsible for the observed epidemiologic association between magnetic field exposure and childhood leukemia.
The small differences between the effect estimates when using the actual and ideal controls in our study may also be due to chance, especially since this observed difference was largely dependent on the choice of reference category. Because of the virtually indistinguishable distribution of measured fields in the lowest three wire code categories (7), the combination of these three categories may be the most appropriate reference group as also suggested by Greenland et al. (2) . Our findings, nevertheless, appear to be consistent with previous results. Some evidence of similar selection bias has been shown in the United Kingdom Childhood Cancer Study, as well as in the National Cancer Institute and German studies (12) (13) (14) (15) .
Our study is the first to directly examine the effect of nonparticipation in a previously published electromagnetic field-childhood leukemia epidemiologic study. Other studies examined the effect of including partial participants in the analyses, but they were not able to include nonparticipants and could not evaluate the full extent of selection bias in the study. Because of some limitations of our study, we cannot entirely dismiss the role of selection bias as a possible explanation for the observed association between measured fields and childhood leukemia on the basis of our results alone. Actual magnetic fields in the homes were not measured for nonparticipants, and wire codes are highly imperfect measures of measured fields. This exposure misclassification may attenuate or mask any real differences, if there are any, between the analyses using actual and ideal controls. The lack of information on measured fields also makes it impossible to assess any potential bias at the higher end of the exposure distribution. Although 12 percent of the study subjects were in the very high current configuration wire code category according to the new classification, in the original study only about 7 percent and 4 percent of the study subjects had average measured fields above 3 lT and 4 lT, respectively, above which exposure levels an association was observed in the two pooled analyses. If a potential bias is restricted to the higher fields only or the bias becomes progressively stronger with increasing exposure, then our current study may have underestimated the potential for bias. In addition, according to the two pooled analyses, the observed association was weaker in the Canadian study than in most of the other studies. Therefore, the potential for bias was also more limited in the Canadian study.
Apartment dwellers tended to have lower socioeconomic status and were also less likely to participate in the original study. The mean measured field in the bedroom of 11 measured apartments was 0.120 lT, which is close to the mean fields of the ordinary low wire code categories (0.111 lT). Exclusion of apartment dwellers (only about 10 percent of the study population) from the analyses, therefore, is unlikely to result in large over-or underestimation of the magnitude of the observed selection bias.
Overall, we conclude that, although there is some evidence for control selection or participation bias in the Canadian study, it is unlikely to explain entirely the observed association between magnetic field measures and childhood leukemia. Inherent problems in exposure assessment for nonparticipant subjects, however, limit the interpretations of these results. 
